Abstract: An electrochemical flexible biosensor composed of gold (Au), molybdenum disulfide nanoparticles (MoS 2 NPs), and Au (Au/MoS 2 /Au nanolayer) on the polyethylene terephthalate (PET) substrate is developed to detect envelope glycoprotein GP120 (gp120), the surface protein of HIV-1. To fabricate the nanolayer on the PET substrate, Au is sputter coated on the flexible PET substrate and MoS 2 NPs are spin coated on Au, which is sputter coated once again with Au. The gp120 antibody is then immobilized on this flexible electrode through cysteamine (Cys) modified on the surface of the Au/MoS 2 /Au nanolayer. Fabrication of the biosensor is verified by atomic force microscopy, scanning electron microscopy, and cyclic voltammetry. A flexibility test is done using a micro-fatigue tester. Detection of the gp120 is measured by square wave voltammetry. The results indicate that the prepared biosensor detects 0.1 pg/mL of gp120, which is comparable with previously reported gp120 biosensors prepared even without flexibility. Therefore, the proposed biosensor supports the development of a nanomaterial-based flexible sensing platform for highly sensitive biosensors with flexibility for wearable device application.
Introduction
Flexible biosensors composed of polymer materials have recently attracted significant attention for their application in wearable devices and point-of-care (POC) diagnostic systems. Polymer substrates such as polyethylene terephthalate (PET), polyimide (PI), polycarbonate (PC), and polydimethylsiloxane (PDMS) are widely used as flexible substrates [1, 2] . In addition, in order to fabricate flexible biosensors, various types of nanomaterials such gold nanoparticles (GNPs), carbon nanotubes (CNTs), and graphene oxide (GO) have been introduced for granting the conductivity, enhancing the electron transfer, and biocompatibility [3] [4] [5] [6] [7] [8] . Among these nanomaterials, carbon-based nanomaterials have been widely used due to their exceptional properties such as excellent electrical conductivity, high specific activated surface area, and chemical/biological stability [9, 10] .
Recently, transition metal dichalcogenide (TMD) materials such as tungsten diselenide (WSe 2 ) and molybdenum disulfide (MoS 2 ) have been widely researched for their application in biosensors due to unique properties including electric charge effect and semiconducting property [11] [12] [13] . In particular, MoS 2 has many advantages for biosensor development due to its electrochemical property and biocompatibility [14, 15] . In addition, in order to maximize the benefits of MoS 2 on a large activated surface area, MoS 2 nanoparticles (MoS 2 NPs) have recently been synthesized and applied to develop various sensors [16] . However, most studies related to flexible biosensors composed of nanomaterials have been done through complex manufacturing methods. To replace the complex manufacturing water from a Millipore Milli-Q water purifier operating at a resistance of 18 MΩ·cm. Myoglobin (Mb) (≥90.0%, Sigma-Aldrich, Burlington, MA, USA), hemoglobin (Hb) (Sigma-Aldrich, Burlington, MA, USA), thioredoxin (Trx) (Sino biological, Wayne, PA, USA), and prostate-specific antigen (PSA) (Abcam, Cambridge, UK) were used to investigate the selectivity of the fabricated biosensor.
MoS 2 NPs Synthesis
Ammonium molybdate tetrahydrate (0.35 g) and 0.76 g of thiourea were mixed with 50 mL of DI water. Then 0.25 g of PVP was added to the mixture. The resulting solution was reacted at 800 rpm for 1 h at 60 • C. The solution was transferred into a Teflon-lined stainless-steel autoclave. The autoclave was set at 200 • C for 24 h. After the reaction was complete, the resulting black precipitate was cooled down to room temperature and washed with DI water and ethanol using centrifugal filtration with 8000 rpm for 30 min. The final product was air-dried at 60 • C for 24 h. The PVP-modified MoS 2 NPs (concentration: 1 mg/mL) were characterized by high-resolution TEM using a JEOL JEM-3010 operated at 300 kV and by XRD (Rigaku, Tokyo, Japan).
2.3.
Fabrication of the Au/MoS 2 /Au Nanolayer on the PET Substrate, and Immobilization of the gp120 Antibody
The fabrication of a flexible biosensor composed of Ab/Cys/Au/MoS 2 /Au nanolayer on PET substrate is shown in Figure 1 . To fabricate the Au/MoS 2 /Au nanolayer on the PET substrate, the rectangular PET substrate (size 1 mm × 2 mm) was cleaned in a sonication bath for 30 min using acetone and DI water, and then completely dried with N 2 gas. After cleaning the PET, the Au/MoS 2 /Au nanolayer on the PET substrate was prepared by gold sputter and spin coater. The Au layer was formed by sputter coating on the PET substrate. Then, 200 µL of the synthesized MoS 2 NPs dissolved in DI water (concentration: 5 mg/mL) was dropped onto the Au layer and spin coated (Au/MoS 2 ) on the PET substrate at 2000 rpm for 30 s; this process was done twice. After the spin coating process, the Au layer was sputter coated once more on the MoS 2 layer. Fabrication of the Au/MoS 2 /Au nanolayer on the PET substrate was verified by FE-SEM, EDS, and AFM. To fabricate the Ab/Cys/Au/MoS 2 /Au nanolayer on the PET substrate, the gp120 antibody was immobilized on the Au/MoS 2 /Au nanolayer on the PET substrate. The fabricated electrode was washed with ethanol and DI water in preparation for the gp120 antibody immobilization. Cys (77 mg) dissolved in 10 mL of DI water (10 mM concentration) was then immobilized on the electrode by self-assembly for 3 h at room temperature. The Cys-immobilized electrode was washed with DI water to remove any unbound Cys. Then, the gp120 antibody was attached to Cys using the EDC/NHS reaction. To achieve this, 100 µL of the antibody solution (concentration: 5 µg/mL) was mixed with 100 µL of EDC (concentration: 4 mg/mL) and 100 µL of NHS (concentration: 6 mg/mL) for 1 h at room temperature. Then, the modified gp120 antibody with EDC/NHS was dropped on the Cys-immobilized electrode for 2 h at room temperature. In addition, the gp120 antibody-immobilized electrode was washed with DI water to remove any unbound gp120 antibody and dried with N 2 gas.
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Electrochemical Properties of the Au/MoS 2 /Au Nanolayer on the PET Substrate
Electrochemical properties of the fabricated biosensor were analyzed by electrochemical analyzer CHI-660E (CH Instruments, Inc., Austin, TX, USA). CV and SWV were conducted with a three-electrode system composed of the fabricated working electrode, a platinum (Pt) wire counter electrode, and a silver/silver chloride (Ag/AgCl) reference electrode. The parameters for the CV experiment were as follows: sampling interval of 1 mV/s, the scan rate of 50 mV/s, and 1 × 10 −3 (A/V) sensitivity. The applied voltage range was from 600 mV to −200 mV. The parameters for the SWV experiment were as follows: amplitude of 20 mV, frequency of 10 Hz, and 1 × 10 −3 (A/V) sensitivity. The applied voltage range was from 500 mV to −200 mV. The electrochemical experiments were conducted with PBS solution (pH = 7.4) containing 5 mM K 3 Fe(CN) 6 and 5 mM K 4 Fe(CN) 6 which were used as the redox generator for electrochemical investigation.
Flexibility Test of Fabricated Biosensor
The flexibility of the fabricated biosensor was investigated using a micro-fatigue tester. To estimate the flexibility, the electrode was fixed to the tester and the tip of the tester was moved down to apply force on the electrode. The electrode was bent by the force applied to the center of the electrode. The elongation of the electrode by the applied force was measured to investigate the flexibility of the electrode. The fabricated biosensor was compared with a widely used rigid gold coated silicon electrode.
Results and Discussion

Confirmation of MoS 2 NPs Synthesis
The conformation and composition of the synthesized MoS 2 NPs were investigated by TEM and EDS analysis. As shown in Figure 2a , the TEM images indicated that the synthesized MoS 2 NPs were structured as well-dispersed nanospheres. The EDS and EDS mapping results are shown in Figure 2b and Figure S1 . EDS and EDS mapping images showed that the ratio of molybdenum (Mo) and sulfur (S) was approximately 1:2, which matched the theoretical composition of MoS 2 . Additionally, the average size of MoS 2 (concentration: 1 mg/mL) was investigated by dynamic light scattering (DLS). The measured DLS data indicated that 80.37% of synthesized MoS 2 were about 200 nm to 300 nm, and 19.63% of MoS 2 were over 300 nm (Figure 2c 
Verification of the Au/MoS2/Au Nanolayer on the PET Substrate
Fabrication of the Au/MoS2/Au nanolayer on the PET substrate was confirmed by AFM and FE-SEM. Figure 3a -c shows AFM images of the PET substrate, Au sputter coated PET substrate, and Au/MoS2 on the PET substrate, respectively. In Figure 3a , the AFM results of the PET substrate indicated a height of 1.296 nm. When Au was sputter coated on the PET substrate, the height of the substrate increased to 7.856 nm due to the deposited Au as shown in Figure 3b . The MoS2 NPs immobilized on the Au coated PET substrate by spin coating was shown in Figure 3c , the height of the immobilized MoS2 NPs was about 155.81 nm. In addition, Figure 3d -f shows FE-SEM images of the fabricated Au/MoS2/Au nanolayer on the PET substrate. Compared to the results in Figure 3e , the existence of the sputter coated Au particles on MoS2 NPs was confirmed in Figure 3f . EDS analysis of all the acquired SEM images is shown in Figure S2 . The amount of sputter coated gold in the Au/MoS2/Au nanolayer on the PET substrate was doubled to the Au/MoS2 on the PET substrate due to the twice gold deposition. In addition, the EDS mapping result of the Au/MoS2/Au nanolayer on the PET substrate is shown in Figure S3 . Also, the CV result is shown in Figure 4a for confirmation of the fabrication of the Au/MoS2/Au nanolayer on the PET substrate. In Figure 4a , the CV results of the PET substrate showed no electrochemical signals, but signals were observed after Au sputter coating on the PET substrate. Also, the fabricated Au/MoS2/Au nanolayer on the PET substrate had higher electrochemical signals than the conventional bare gold electrode composed of gold (50 nm)/Cr (2 nm)/SiO2 (Silicon dioxide). The current increase of the Au/MoS2/Au nanolayer on the PET substrate compared to conventional bare gold electrode was due to the large surface area and the efficient electron transfer by MoS2 NPs. Figure 3e , the existence of the sputter coated Au particles on MoS 2 NPs was confirmed in Figure 3f . EDS analysis of all the acquired SEM images is shown in Figure S2 . The amount of sputter coated gold in the Au/MoS 2 /Au nanolayer on the PET substrate was doubled to the Au/MoS 2 on the PET substrate due to the twice gold deposition. In addition, the EDS mapping result of the Au/MoS 2 /Au nanolayer on the PET substrate is shown in Figure S3 . Also, the CV result is shown in Figure 4a for confirmation of the fabrication of the Au/MoS 2 /Au nanolayer on the PET substrate. In Figure 4a , the CV results of the PET substrate showed no electrochemical signals, but signals were observed after Au sputter coating on the PET substrate. Also, the fabricated Au/MoS 2 /Au nanolayer on the PET substrate had higher electrochemical signals than the conventional bare gold electrode composed of gold (50 nm)/Cr (2 nm)/SiO 2 (Silicon dioxide). The current increase of the Au/MoS 2 /Au nanolayer on the PET substrate compared to conventional bare gold electrode was due to the large surface area and the efficient electron transfer by MoS 2 NPs. Nanomaterials 2019, 9, x FOR PEER REVIEW 6 of 12 
Investigation of the Electrochemical Properties of the Fabricated Biosensor
CV and SWV were performed to confirm the electrochemical properties of the fabricated biosensor with a [Fe(CN)6] 3−/4− redox probe. Figure 4b shows the CV result of the Au/MoS2/Au nanolayer on the PET substrate, the Cys/Au/MoS2/Au nanolayer on the PET substrate, the Ab/Cys/Au/MoS2/Au nanolayer on the PET substrate. The reduction and oxidation peak currents of the Au/MoS2/Au nanolayer on the PET substrate was found to be 1.13 mA and −1.17 mA, respectively. After Cys immobilization, the reduction and oxidation peak potentials were changed from 0.05 V and 0.35 V to 0.12 V and 0.28 V, and the reduction and oxidation peak potentials were also increased to 1.36 mA and −1.37 mA, respectively. This increase was due to the electrostatic interaction between the negatively charged [Fe(CN)6] 3-/4-and the positively charged amine group of the Cys immobilized on the Au/MoS2/Au nanolayer on the PET substrate. However, when the gp120 antibody was immobilized on the Cys, the efficiency of electron transfer between the multilayer and the redox probe was reduced by the gp120 antibody, and the reduction and oxidation peak currents were lowered to 1.30 mA and -1.34 mA, respectively. In addition, to confirm the reproducibility of fabricated biosensor, the average reduction peak current was investigated with four different measurements. As shown in Figure S4 , the average reduction peaks of Au/MoS2/Au nanolayer on the PET substrate, Cys/Au/MoS2/Au nanolayer on the PET substrate and Ab/Cys/Au/MoS2/Au nanolayer on the PET substrate were 1.12 mA, 1.38 mA, and 1.30 mA. In Figure 4c , the CV results were obtained by increasing the scan rate from 10 mV/s to 200 mV/s to verify the relationship between the current peak and the scan rate of the fabricated the Au/MoS2/Au nanolayer on the PET substrate. Figure 4d showed that the plotted reduction and oxidation peak currents of the measured CV showed a linear response to the increase in the scan rate. 
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Detection of the gp120 Antigen and Selectivity
The SWV technique was performed to investigate the electrochemical detection performance and selectivity of the fabricated biosensor. To confirm its detection, the gp120 antigen dissolved in PBS solution was immobilized on the prepared Ab/Cys/Au/MoS2/Au nanolayer on the PET substrate for 1 h at room temperature. The detection of the gp120 antigen at a concentration of 0.1 pg/mL to 10 ng/mL was confirmed by SWV. As shown in Figure 5a , the electron transfer reaction between the redox probe and the biosensor surface was blocked by the antigen-antibody binding on the surface of the fabricated biosensor, and the current value was decreased when the concentration of the gp120 antibody was increased. In addition, the linearity of the current value for the gp120 antigen concentration was confirmed through the results obtained from SWV. As shown in Figure 5b , the gp120 antigen ranged from 0.1 pg/mL to 10 ng/mL and showed excellent linearity with 0.973 of the coefficient of determination value (R 2 ). In general, the concentration of gp120 in HIV-infected patients is approximately 200 pg/mL to 2000 pg/mL, therefore the fabricated biosensor showed the possibility for gp120 detection in practice. The mean value and the error bars were plotted with the standard deviation (SD) from four different measurements. The detection limit of an electrochemical biosensor composed of the Au/MoS2/Au nanolayer on the PET substrate for HIV detection was 0.066 pg/mL based on the 3 × (S/m) method, where S is the standard deviation of the blank signal and m is slope of the linear fitting curve, and this value was compared with other electrodes shown in Table 1 . To confirm the detection ability for the gp120 antigen prepared from a real sample, human serum was mixed with the gp120 antigen, and the detection of the gp120 antigen was confirmed by SWV. For real sample analysis, the gp120 with different concentrations from 1 pg/mL to 10 ng/mL was mixed with serum. As shown in Figure 5c , in the case of the gp120 antigen prepared in serum, the current 
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Conclusions
In this study, the flexible biosensor based on a Au/MoS 2 /Au nanolayer on a PET substrate was developed to detect gp120 with high sensitivity. To develop the flexible biosensor, the Au/MoS 2 /Au nanolayer was fabricated by Au sputter coating and MoS 2 NPs spin coating onto a flexible PET substrate. The fabricated Au/MoS 2 /Au nanolayer on the PET substrate showed the well-oriented NPs and uniform nanolayer formation on the PET substrate. The reduction and oxidation peak currents of the Au/MoS 2 /Au nanolayer on the PET substrate derived from the redox generator were 1.13 mA and −1.17 mA, respectively, which were much higher than those peaks of the bare gold electrodes with 0.96 mA and −1.01 mA due to the large surface area and effective electron transfer of the synthesized MoS 2 NPs. The fabricated biosensor showed highly sensitive detection of gp120 with a detection limit of 0.066 pg/mL, which was more sensitive than previously reported electrochemical HIV biosensors. This biosensor showed a selective detection of gp120 added with various antigens and proteins such as Hb, Mb, PSA, and Trx. In addition, this biosensor showed excellent flexibility with flexure extension of 1.54 mm compared to SiO 2 -based conventional gold electrodes, and the fabricated biosensor maintained the detection performance after bending. In conclusion, the proposed flexible biosensor based on a Au/MoS 2 /Au nanolayer on a PET substrate can suggest the milestone for nanomaterial-based flexible sensing platform to develop the highly sensitive biosensors with flexibility for a wearable device application. In addition, because the gp120 concentration range of the HIV infected patient can be measured, it can be used in the commercial field. 
